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Angiogenesis is a multicellular phenomenon driven
by morphogenetic cell movements. We recently
reported morphogenetic vascular endothelial
cell (EC) behaviors to be dynamic and complex.
However, the principal mechanisms orchestrating
individual EC movements in angiogenic morpho-
genesis remain largely unknown. Here we present
an experiment-driven mathematical model that
enables us to systematically dissect cellular mech-
anisms in branch elongation. We found that cell-
autonomous and coordinated actions governed
these multicellular behaviors, and a cell-autono-
mous process sufficiently illustrated essential fea-
tures of the morphogenetic EC dynamics at both
the single-cell and cell-population levels. Through
refining our model and experimental verification,
we further identified a coordinated mode of tip
EC behaviors regulated via a spatial relationship
between tip and follower ECs, which facilitates
the forward motility of tip ECs. These findings
provide insights that enhance our mechanistic
understanding of not only angiogenic morpho-1814 Cell Reports 13, 1814–1827, December 1, 2015 ª2015 The Autgenesis, but also other types of multicellular phe-
nomenon.INTRODUCTION
Morphogenetic cell movements give rise to various tissue and
organ shapes. The modes of these cell movements are diverse
and context dependent: clusters, strands, sheets, tubes, and
so on (Montell, 2008; Friedl and Gilmour, 2009). This raises
fundamental questions, including whether these diverse move-
ments share common principles and how individual cells spatio-
temporally coordinate their behaviors with each other and their
surroundings.
Angiogenesis is a type of morphogenetic cell movement,
wherein a new vascular network emerges from pre-existing
vessels in physiological and pathological contexts. Vascular
endothelial cells (ECs) collectively behave in consort with mural
cells in an orderly fashion to form dendrite structures through
sprouting, elongating, branching, and lumenization processes.
To date, a number of angiogenesis-related molecular players
and signaling pathways have been identified, the first being
vascular endothelial growth factor (VEGF) (Armulik et al., 2005;
Holderfield and Hughes, 2008; Gaengel et al., 2009), and
their angiogenic functions have been explored extensively
even at the single-cell level. However, the underlying cellularhors
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mechanisms remain largely unknown. Elucidating these pro-
cesses would bridge the gap in our understanding between mol-
ecules and angiogenic morphogenesis.
To gain further insights into morphogenesis, we recently
developed a system combining time-lapse imaging with com-
puter-assisted quantitative analysis, which enables us to
comprehensively explore the EC behaviors driving angiogenic
morphogenesis in an in vitro model (Arima et al., 2011). We
discovered EC behaviors to be much more dynamic and com-
plex than previously thought. Individual ECs moved frequently
changing their relative positions, including tip cell overtaking
(Arima et al., 2011). Dynamic tip cell overtaking also was re-
ported by another group (Jakobsson et al., 2010). These findings
prompted the next question, i.e., how are the movements of in-
dividual ECs integrated into such a dynamic and complex multi-
cellular process culminating in ordered architectures?
Mathematical and computational modeling offers invaluable
approaches to shedding new light on the biological complexity
underlying angiogenic morphogenesis when used in conjunction
with quantitative experimental approaches (Chaplain et al.,
2006; Tyson, 2007; Peirce, 2008; Scianna et al., 2013). Various
continuum, discrete, and hybrid models have been developed
to explore different aspects of angiogenesis, on different biolog-
ical scales (Baish et al., 1996; Pettet et al., 1996; Anderson and
Chaplain, 1998; Arakelyan et al., 2002). Recent cell-based
models, including cellular potts and agent-based models, are in-
tended to unravel the biological implications in a predictive
manner, thereby allowing the molecular and cellular mecha-
nisms of sprouting (Anderson and Chaplain, 1998; Bauer et al.,
2007; Bauer et al., 2009; Merks et al., 2008; Szabo et al., 2008;
Daub and Merks, 2013) and cell rearrangement to be dissected
(Bentley et al., 2008, 2009, 2014). However, there are few
modeling studies focusing on the morphogenetic cell move-
ments driving angiogenesis and that have yielded findings that
are clearly linked to quantitative experimental data on cell ki-
netics with sufficient spatiotemporal resolution.
In this study, we aimed to newly develop an experiment-driven
mathematical model of angiogenic morphogenesis and thereby
elucidate the underlying cellular mechanisms. We constructed
simplified one-dimensional agent-based and corresponding
continuum models of morphogenetic EC movements in growingFigure 1. Collective and Individual EC Movements during In Vitro and I
(A–G) Time-lapse live imaging in an in vitro sprouting angiogenesis model.
(A) EC dynamics indicated by visualization of nuclei with SYTO dye staining. Nucle
Initial clusterwise ECs (magenta) gradually become mixed with the following ECs
mixing). See also Movie S1.
(B) Trajectory analysis. Each line shows a movement pattern of individual ECs in
(C–F) Mosaic analysis. EC (lectin-positive) kinetics were visualized by minimal in
front-rear dimensions and the centroids of the nuclei of ECs, respectively. See a
(C) A fast-moving EC with front-rear polarity (white dotted arrow) and a slow-mo
(D) Dynamic change in an EC motility state from fast to slow is shown.
(E) Bi-directionality of an EC movement in relation to cell polarities is shown.
(F) Cell overtaking at the tip is shown.
(G) Quantitative analysis indicates that EC polarity states are closely related to mo
retrograde indicate ECs with longer cytoplasm toward the elongating direction of
and maximum and minimum expressions.
(H–J) Representative EC shapes around sprouting fronts of P4mouse retina. Mosa
cytoplasm toward the elongating direction of the CD31-positive endothelial spro
Portions indicating double arrows also are shown in the right panels. Scale bars
1816 Cell Reports 13, 1814–1827, December 1, 2015 ª2015 The Autsprouts in the presence of VEGF. Interestingly, a simple stochas-
tic rule regulating the motility of individual ECs sufficiently repro-
duced core features of in vitro angiogenic EC behaviors during
branch elongation. Moreover, a discrepancy between the math-
ematical model and experimental data led to the identification of
a cellular mechanism regulating tip cell behaviors via a spatial
relationship between tip and follower ECs, which was predicted
by additional modeling and then verified by experiments. These
findings provide insights into angiogenesis as a form of morpho-
genetic cell movement.
RESULTS
Features of EC Dynamics in Angiogenic Morphogenesis
To construct a cell-based mathematical model of angiogenic
morphogenesis and thereby to systematically investigate the
principal cellular mechanisms, we started by examining the fea-
tures of EC dynamics in an in vitro mouse aortic ring assay. This
assay mimics sprouting angiogenesis well, in which various
important modules of angiogenic processes such as endothelial
sheet formation, sprouting, branching, and lumenizationwere re-
produced, resulting in the formation of a characteristic dendrite
architecture that was surrounded by pericytes (Nicosia, 2009;
Arima et al., 2011). Employing this assay, we recently estab-
lished a time-lapse live imaging and computational analysis sys-
tem for quantitative characterization of morphogenetic EC
behaviors in the presence of VEGF (50 ng/ml) (Arima et al.,
2011; Figure 1A; Movie S1). The imaging system demonstrates
a complex cell-mixing phenomenon that denotes the dynamic
changes in relative EC positions, even the tip cell position, during
angiogenic morphogenesis with branch elongation, branching,
and anastomosis (Figure 1A; Movie S1), as previously reported
(Arima et al., 2011). The features of EC dynamics during branch
elongation (dotted arrow in Figure 1A) were more finely de-
picted in a trajectory analysis with kymographic representation
between time and relative positions of individual ECs on an elon-
gating branch (Figure 1B), and were confirmed at the single-cell
level in amosaic analysis (Figures 1C–1F;Movies S2, S3, S4, and
S5). In these analyses, EC motility (speed and directionality) was
not in a uniform state even within the same branch at different
speeds (fast and slow, Figures 1B and 1C) and directionalityn Vivo Angiogenic Morphogenesis
i were tracked and their centroidswere pseudo-colored clusterwise in a branch.
(yellow) during branch elongation, branching formation, and anastomosis (cell
an elongating branch.
fection with an adenovirus carrying EGFP. Arrows and closed circles indicate
lso Movies S2, S3, S4, and S5.
ving EC without this polarity (yellow dotted arrow) are shown.
tility (r = 0.58, p < 0.01, n = 715 time steps in 14 EC kinetics). Anterograde and
the branch and vice versa, respectively. Boxplots show the median, quartiles,
ic analysis indicates different front-rear polarities of ECs: an ECwith the longer
ut (H) and in the opposite direction (I), and one with no front-rear polarity (J).
indicate 25 mm.
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Figure 2. Rules in Discrete Model
(A) Framework. Each EC is regarded as a particle. A particle has its own one-
dimensional coordinate. Particles emerge (x = 0) or move in accordance with
the model rules.
(B–F) Flow chart of the model (B) and schematic diagrams of the model
components (C–F). First, the motility states of all cells are updated indepen-
dently, and then each cell updates its position in accordance with its state (cell
migration). Second, a new cell emerges at a certain time with a constant time
interval c. The directionality of the newly emerging cell is always anterograde,
but its speed is randomly designated fast or slow (C). All procedures are
repeated for each step. Cell speed and direction are stochastically changed
with transition probability p (fast to slow) or q (slow to fast) and with r (anter-
ograde to retrograde) or s (retrograde to anterograde), respectively (D and E).
A cell moves with its own observable speed and direction (F). ant., antero-
grade; ret., retrograde.
See also Figure S1 and Table S1.states (anterograde and retrograde along the direction of branch
elongation, Figures 1B and 1E). Moreover, states dynami-
cally switched within the same cell, i.e., from fast to slow or
from anterograde to retrograde and vice versa (Figures 1B, 1D,
and 1E).Cell ReNext we tested whether ECmotility was similarly diverse in the
process of in vivo angiogenesis. The present results confirmed
those of our previous study (Arima et al., 2011) showing the
front-rear polarity of an EC to be qualitatively linked to its motility
state (Figures 1C–1F). Further quantitative analysis confirmed
that fast-moving ECs displayed unidirectional front-rear cell po-
larity with a distinct protrusion in the moving direction, whereas
slow-moving ECs were spindle shaped without cell polarity (Fig-
ure 1G). Therefore, we examined EC shapes in the sprouting
fronts of post-natal day 4 (P4) mouse retina by visualizing the
EC cytoplasm with an intraperitoneal injection of low-dose
tamoxifen into CAG-MerCreMer mice (Egawa et al., 2009)
carrying an allele with loxP-flanked EYFP in the R26R lo-
cus (CAG-MerCreMer;R26R-EYFPflox/WT mice) (Srinivas et al.,
2001) (a mosaic analysis). In the retinal neovessels, we found
that some ECs displayed unidirectional front-rear polarity toward
the direction of branch elongation (Figure 1H) or in the opposite
direction (Figure 1I), whereas the others were spindle shaped
without the polarity (Figure 1J). Taken together with previous
observations of cell mixing or tip cell overtaking in the setting
of in vivo angiogenesis including that in themouse retina (Jakobs-
son et al., 2010; Arima et al., 2011), these data suggest EC
motility states to also be diverse in the setting of in vivo angio-
genesis, physiologically validating dynamic changes in EC
behaviors.
Discrete and Continuum Models of Branch Elongation
Branching networks of blood vessels are configured by the repe-
tition of modules including elongation, bifurcation, and anasto-
mosis, as shown in Figure 1A. In this study, we focused on the
mathematical modeling of branch elongation, one of the most
fundamental angiogenic modules. To simplify the relationship
between EC dynamics and morphogenesis, we constructed
a one-dimensional agent-based model as subsequently
described (Figure 2A). Multiple agents representing ECs emerge
regularly at a certain time interval (c) in the base of a theoretical
linear branch, and then they move along the one-dimensional
axis in accordance with the rules (Figures 2B and 2C). The cell
emergence interval (c) corresponds to the mean interval at which
ECs newly emerge in the observed branch in vitro. Based on the
cell kinetic data mentioned above, EC motility is simply defined
by two speed states (fast, v1 and slow, v2) and two directionalities
(anterograde and retrograde) (Figures 2D–2F), although the
speed of moving ECs was much more variable (Figure S1).
Furthermore, for the first model (model 1), we assumed the
motility state of each EC to be stochastically changed according
to each transition probability (p, q, r, and s) (Figures 2D and 2E).
All of the parameters (c, p, q, r, s, v1, and v2) used for the model
(shown in Table S1) were extracted from in vitro quantitative data
on EC dynamics.
In addition, we formulated a continuum model employing
the governing equations corresponding to simplification of the
discrete model (model 1). Here we considered only cellular
densities of anterogradely moving cells (u) and retrogradely
moving cells (w), because the difference in the speeds of EC
movement for 15 min within the continuum limit was negligible.
The cell motility changes can be described as the reaction
term, migration as the advection term, and cell emergence asports 13, 1814–1827, December 1, 2015 ª2015 The Authors 1817
the source term function d(x). The governing equations are as
follows:
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To consider the overall cellular density h = u + w, the equations
were reconfigured as follows:
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More detailed information regarding themodel and its parameter
extraction is given in the Experimental Procedures.A Simple Model Is Sufficient for Illustrating the
Characteristic Patterns of Branch Elongation
Individual ECs are distributed at different positions within a
sproutingbranchat acertain timepoint asa result of theirmorpho-
genetic movements (Figure 3A). For model validation, therefore,
we first testedwhether themodel predicts the distribution pattern
of ECs in sprouting branches. We calculated mean existing prob-
abilities ofECsbeingat indicatedpositions fromthebase to the tip
of all branches that emerged at the different time points of the
in vitro experiments, and we compared them to those simulated
in the discrete and continuum models. Interestingly, we found
that the discrete model (model 1) reproduced the experimental
data well at both of the time points (Pearson’s correlations, r =
0.993 for day 6 and r = 0.908 for day 7) (Figure 3A). Similarly, the
continuummodel fit the experimental data well (Pearson’s corre-
lations, r = 0.991 for day 6 and r = 0.984 for day 7).
Next we simulated EC dynamics in branch elongation in the
presence of VEGF (50 ng/ml) using model 1. Trajectory analysis
qualitatively showed that model 1 largely reproduced the char-
acteristic patterns of in vitro EC dynamics and the resultant
branch elongation (Figure 3B). In particular, EC mixing, tip cell
overtaking, and continuous EC progression and regression
were observed similarly in both in vitro and in silico analyses (Fig-
ure 3B). We further evaluated the similarities quantitatively, em-
ploying several non-trivial indices. Vessel elongation, tip cell
overtaking, orientation (whether or not a single EC moves
straight), and speed and directional coordination (how tightly
an EC’s motility, i.e., direction and speed, is coordinated with
that of neighboring ECs) were reproduced well (Figures 3C–
3G), although there appeared to be a slight gap in an index of
stalk overtaking (Figure 3H). As is obvious, the mean speed
and directional index, which are directly affected by the param-
eters used (v1, v2, p, q, r, and s), were similar in the two analyses
(Figure S2). Taken together, these results indicate that the
models largely reproduced core features of EC dynamics, not
only at a cell-population level but also at an individual cell level
in branch elongation in the presence of 50 ng/ml VEGF.
We further tested whether the model reflects VEGF-dependent
changes in morphogenetic EC behaviors. For this purpose, the
branches that emerged were treated with three different doses
ofVEGF (0, 5, and50ng/ml) following the initial inductionof sprout-1818 Cell Reports 13, 1814–1827, December 1, 2015 ª2015 The Auting from explanted aorta with 50 ng/ml VEGF. As expected, we
found adose-dependent enhancement of VEGF inbranchelonga-
tion in vitro (Figures 4A and 4B), suggesting the experimental con-
dition to be appropriate for examining VEGF-dependent morpho-
genetic EC behaviors. Then we simulated the EC behaviors using
the extracted parameters listed in Table S1. Trajectory and index
analyses demonstrated that an in silico simulation using model 1
reproduced the patterns of VEGF-dependent changes well;
improvementof orientation andstep-by-step increases in the stalk
overtaking number were obtained but did not reach statistical sig-
nificance in the in vitro experiments (Figures 4D and 4E). In addi-
tion, tip cell overtaking and directional and speed coordination
indiceswerenearlyconstant, irrespectiveofVEGFconcentrations,
both in vitro and in silico (Figures 4C, 4F, and 4G). VEGF-depen-
dent increases in mean speed and anterograde movement were
similar in the in silico analyses (Figure S2). These results collec-
tively show that, surprisingly, a quite simple rule, i.e., a stochastic
change in the motility of an individual EC, which is fundamentally
incorporated into the basic model, sufficiently illustrates essential
features of angiogenic EC behaviors in the presence of VEGF.
Interestingly, VEGF broadly affected the model parameters
(Table S1) as follows: the probability of fast-to-slow transition
was decreased, the converse transition probability was
increased, and that of anterograde-to-retrograde transition
tended to be decreased (p = 0.05), collectively indicating that
VEGF biases the motility of individual ECs toward a motile and
directed status totally viamodulations of their motility transitions,
and this is suggested to be a fundamental cellular mechanism
underlying branch elongation in the presence of VEGF.
Tip EC Dynamics and Analysis of the Regulatory
Mechanisms via Model Improvement
As demonstrated so far, the essential features of stalk EC and tip
EC dynamics in branch elongation can be explained by a similar
mechanism. This finding is quite reasonable because tip and
stalk phenotypes were dynamically switched, with a stalk EC
becoming a new tip by overtaking the previous tip EC and vice
versa (Arima et al., 2011; Jakobsson et al., 2010).
Nextwe further examinedwhether or notmodel 1 simulation re-
produces the EC dynamics in more detail, focusing on tip EC. By
checking the patterns of tip EC dynamics in trajectory analyses,
we occasionally found theoretical sprouting branches without
tip cell overtaking inmodel simulations (Figure 5), whereas branch
elongation without tip cell overtaking was quite rare in the in vitro
experiments (p < 0.05 for all concentrations by Fisher’s exact
tests; Figure 5B). This result indicates that tip EC dynamics are
insufficiently explained by the rule governing stochastic changes
in the motilities of individual cells, and it also suggests that tip
EC behavior might be controlled in additional ways.
To bridge the gap between model 1 and biological morpho-
genesis and to clarify cellular mechanisms underlying tip EC
motility control, we went back to experiments and re-examined
patterns of tip EC dynamics. We observed the percentage of still
EC to be increased under all VEGF conditions when ECs became
tips (Figure 6A), whereas directionality was not changed (Fig-
ure 6B). These results suggest that as-yet-unknown additional
mechanisms restrict the speed of tip EC movement. In addition,
we observed a tip EC to slow or even stop moving when thehors
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Figure 3. Model Validation
(A) Comparisons of EC distribution patterns in a
branch at the 50 ng/ml VEGF concentration. In
in vitro experiments, existing probabilities of ECs at
different positions from the root of the branch
(dotted line) to the tip were calculated from all of the
sprouting branches emerging from the aortic rings
on day 6 (n = 16) and day 7 (n = 10) of the culture (left
panel). The distribution in the in vitro experiments
(purple) showed a good fit with the discrete model
simulations (green; n = 1,000) and a numerical
simulation of the continuum model (black line) at
both time points. Pearson’s correlation (r) was used
for the parameter fitting.
(B) A qualitative assessment of EC dynamics by
trajectory analysis. Representative kymographs
from the in vitro experiments (left panel) and in silico
simulations (right panel) are shown. Each color
represents different ECs (agents). Times and posi-
tions were adjusted so that at the beginning of the
observation periods the time would be t = 0 and a
cell at the tip would be x = 0.
(C–H) Quantitative comparisons of tip indices
(vessel elongation, C and tip cell overtaking, D) and
stalk indices (orientation, E, speed coordination, F,
directional coordination, G, and stalk overtaking, H)
between in vitro experiments (n = 20) and in silico
simulations (n = 1,000).
Data are presented as means ± SD. See also
Figure S2.distance between the nuclei of the cells increased. A typical
example is shown in Figure 4A (arrow).
Therefore, based on the experimental results, we hypothe-
sized that there is a rule regulating tip EC dynamics (Figure 6C),
i.e., the speed at which a tip ECmoves is restricted by the spatial
relationship between the tip EC and the follower EC. Herein an
additional assumption that the tip EC moves even more slowly
if the distance between its nucleus and that of its follower EC ex-Cell Reports 13, 1814–1827, Dceeds a given threshold (d) was incorpo-
rated into an improved model (model 2)
(Figure 6C). The follower EC was defined
as the cell located just behind the tip EC,
based on nuclear labeling. As shown by
a schematic representation and mosaic
analysis (Figures 6Ca’, 6Cb’, and 7A), the
tip EC and the follower EC are attached
to each other and form the tip structure
of the sprout by overlapping with each
other three-dimensionally. For this rule,
we biologically assumed that anterograde
movement of the tip EC is affected by the
contact area shared with the follower EC
or by the spatial density of the cells in the
space where the tip EC and the follower
EC overlap.
We next examined changes in tip EC dy-
namics with different threshold parameter
(d) settings in the model. A representative
trajectory at a certain parameter set inmodel 2 is presented in Figure 6D. As shown in Figure 6E, the
larger the threshold parameter (d) became, the more likely a tip
EC would not be overtaken at all, and the frequency reached a
plateau at certain values in the model. In conjunction with this,
the mean number of tip cell overtaking events became smaller
as the threshold increasedand then reachedaplateau (Figure6E).
For instance, when we adopted d = 55 pixels as the threshold
parameter, model 2 mimicked the mean number of tip cellecember 1, 2015 ª2015 The Authors 1819
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Figure 4. Comparisons of VEGF-Dependent
Changes in EC Behaviors during Branch
Elongation between In Vitro and In Silico
Conditions
(A) Qualitative comparisons using trajectory anal-
ysis. Representative kymographs in the in vitro
experiments (upper panel) and in silico simulations
(lower panel) at three different VEGF concentra-
tions are shown. Each color represents different
ECs (agents). Time and positions were adjusted to
assure that at the beginning of the observation
periods the time would be t = 0 and a cell at the tip
would be x = 0. An arrow indicates an example that
shows the tip cell to slow its anterograde move-
ment after the overtaking event.
(B–G) Quantitative comparisons of VEGF-depen-
dent changes in morphogenesis and EC dynamics
between in vitro experiments (upper panels; n = 20,
26, and 20 for VEGF 0, 5, and 50 ng/ml, respec-
tively) and in silico simulations (lower panels;
n = 1,000) using the following indices: tip indices
including vessel elongation (B) and tip cell over-
taking (C) and stalk indices including orientation
(D), stalk overtaking (E), speed coordination (F),
and directional coordination (G). Qualitative and
quantitative comparisons clearly showed model
simulations to reproduce VEGF-induced EC be-
haviors and the resultant branch elongation well.
Data are presented as means ± SD (*p < 0.05 and
**p < 0.01). See also Figure S2.overtaking events and vessel elongation index well in the in vitro
experiments in the same way as model 1 in the presence of
50 ng/ml VEGF (Figures 6F and 6G). In addition, as expected,
model 2appeared toclose thegap in tip cell overtakingeventsbe-
tween in vitro experiments and in silico simulation; the frequency
of an emerging branch without tip cell overtaking was decreased
to about half that inmodel 1 at all VEGF concentrations (Figure 5).
The mean speed of tip ECs also was improved in model 2 (Fig-
ure 6H). These results suggest that the hypothetical rule could
be operative in biological settings, serving as a candidate model
for explaining regulatory mechanisms of tip EC motility.1820 Cell Reports 13, 1814–1827, December 1, 2015 ª2015 The AuthorsBiological Assessments of Cellular
Mechanisms Regulating Tip EC
Dynamics
Finally, we tested the validity of the hy-
pothetical rule in biological experiments.
While carefully monitoring cell dynamics
around the tip during in vitro angio-
genic morphogenesis, we occasionally
observed the follower EC (blue arrows)
to spontaneously and suddenly disap-
pear from the elongating branch, due to
cell death (Figure 7A; Movie S6). The
tip EC (white arrows) moving anterog-
radely along the elongating branch
slowed down and then immediately re-
tracted after disappearance of the fol-
lower EC (Figures 7A and 7B; Movie
S6). This observation raises the possibil-ity that the distance between the nuclei of the tip EC and the
follower EC is one of the regulatory factors restricting tip
EC anterograde movement, thus supporting the model 2
hypothesis.
To further examine the validity of our hypothesis, we inten-
tionally increased the tip-follower nuclear distance by laser-
ablating the follower EC in the emerging intersegmental
vessels of zebrafish embryos in vivo, in which we focused
the laser on the nuclei and thereby induced cell death. Conse-
quently, a living stalk EC next to the targeted EC became the
new follower EC. As expected, we identified the cessation of
AB
Figure 5. Comparisons of Number of Tip
Cell Overtaking Events in Individual
Branches between In Vitro and In Silico
Conditions
(A) Examples of trajectories without tip cell over-
taking in model 1 simulations at various VEGF
concentrations. Each line indicates the trajectory
of an individual agent (EC). Top line corresponds
to tip cell.
(B) Distributions of tip cell overtaking numbers
during the observation period among the
branches in the in vitro experiments and in silico
simulations at various VEGF concentrations. In
model 2, the threshold value of the tip-follower
distance d = 55 pixels was used. Some branches
without tip cell overtaking were observed in the
in silico simulations using model 1, but there were
no branches in the in vitro experiments. Model 2
closed the gap in the number of branches without
tip cell overtaking events (arrowheads) between
the in vitro experiments and in silico simulations.anterograde movement of the tip EC immediately after the fol-
lower ECs had been ablated, but not in non-ablated branches
(Figures 7C and 7D; Movie S7). When non-vascular tissue near
the follower EC was similarly ablated, the intersegmental
vessel developed normally, suggesting the changes in tip EC
dynamics to be specific for laser ablation of the follower EC
(Figure S3; Movie S8). Similar results were obtained in
branches that emerged from the mesencephalic vein in a ze-
brafish embryo in two consecutive experiments. Representa-
tive data are shown in Figures 7E and 7F (see also Movie
S9). Interestingly, we also found that the tip EC, which had
stopped moving anterogradely after follower cell ablation,
again started moving anterogradely when a new follower EC
approached (arrows in Figures 7D and 7F; Movies S7 and
S9), but the tip EC remained motionless in the absence of
such an approach (Figure S3B; Movie S8). This phenomenon
was enhanced when two consecutive ECs just behind the tip
EC (follower EC and the next follower EC) were simultaneously
ablated (Figures S3C and S3D; Movie S10). Collectively, these
results again strongly support our model 2 hypothesis. Further-
more, we calculated distances between the nuclei of the tip ECCell Reports 13, 1814–1827, Dand the follower EC at all time points for
all tip ECs undergoing in vitro angiogenic
morphogenesis. We found that the dis-
tances fell largely within a range below
the adopted threshold (d = 55; 96%,
93%, and 91% in the presence of 0, 5,
and 50 ng/ml VEGF, respectively)
(Figure 7G).
Taking the theoretical and experi-
mental results together, we propose
that anterograde movement of the tip
EC, at least, is determined by additional
factors, one of which involves the tip-fol-
lower distance between the nuclei, sug-
gesting that sufficient attachment of thefollower EC might be necessary to obtain adequate cell polarity
and anterograde movement of the tip EC.
DISCUSSION
We previously demonstrated the characteristic features of
angiogenic EC behaviors, including heterogeneous direction-
ality, cell mixing, and cell overtaking, leading to branching
morphogenesis (Arima et al., 2011). Based on these experi-
mental findings, we herein propose a cell-based mathematical
model of angiogenic morphogenesis, which enables us to sys-
tematically dissect cellular mechanisms regulating the dynamic
and complex multicellular processes culminating in ordered ar-
chitectures. Our first major observation is that cell-autonomous
EC movements, represented as a process driven by a simple
stochastic rule in the model, can adequately explain branch
elongation, one of the important angiogenic modules. However,
EC behaviors at the tip were insufficiently explained by the cell-
autonomous process alone, which leads to our second major
observation indicating that a coordinated mode of tip-follower
EC interaction might be required for the forward motility of tipecember 1, 2015 ª2015 The Authors 1821
ECs. This prediction was biologically verified by different sets of
experiments. Thus, this study advances our mechanistic under-
standing of angiogenic morphogenesis as coordinated multicel-
lular processes.
Our findings systematically demonstrated strong autonomous
involvement of individual ECs in dynamic and complex multicel-
lular movements driving a simple morphogenetic process,
vessel elongation. Notably, the autonomy of individual ECmove-
ments was more apparent than those of other types of
mesodermal cells during gastrulation (Sepich et al., 2005), sug-
gesting that morphogenetic multicellular movement is governed
by a mixture of cell-autonomous and coordinated processes
with different context-dependent contributions. Epithelial cells
or ectoderm-/endoderm-derived cells forming mammary ducts
and lateral lines displayed fewer dynamic multicellular
movements (Ewald et al., 2008; Aman and Piotrowski, 2008)
than did ECs, while the collective movement of neural crest cells
was equal to or even more dynamic than that of ECs (Theveneau
et al., 2013). Therefore, the diverse patterns of multicellular
movement leading to shape formation might reflect differences
in the extent of the cell-autonomous processes involved,
which are counter-regulated by coordinated mechanisms
including interactions with adjacent cells and surroundings via
molecules, such as cadherins and integrins (Niewiadomska
et al., 1999; Robinson et al., 2003), and/or physical forces (Mon-
tell, 2008).
This study also revealed a cellular mechanism regulating tip
EC behaviors in a coordinated process involving interactions
with follower ECs. These findings provide direct evidence of a
regulatory mechanism from stalk to tip ECs, in which stalk EC
dynamics potently contribute to tip EC behaviors, while the
reverse tip-to-stalk regulation has been studied intensively in
the phenotypic specification of ECs into tip and stalk ECs via
crosstalk between VEGF- and Notch-signaling pathways (Hell-
stro¨m et al., 2007; Jakobsson et al., 2010; Tammela et al.,
2011; Moya et al., 2012). Our study further demonstrated the
importance of spatial relationships between tip and follower
ECs in tip regulation, suggesting that direct and sufficient phys-
ical contacts are apparently required for the directed polarization
and anterograde motility of tip ECs, although the underlying mo-
lecular mechanism remains unclear. One of the key molecular
mediators might be the VE-cadherin complex (Wimmer et al.,
2012). It also remained unresolved whether or not a similar reg-
ulatory mechanism via cell-cell interaction contributes to the
regulation of stalk EC movements. Non-autonomous compo-
nents of stalk EC movements probably will be required in devel-
oping refined models for branching morphogenesis in higher
spatial dimensions.
This work deepens our systematic understanding of cellular
mechanisms by which VEGF drives angiogenic morphogenesis.
A line of previous studies revealed that VEGF enhances the
migration and proliferation of ECs, protects ECs from apoptosis,
and induces matrix degradation at the single-cell level,
collectively promoting angiogenic morphogenesis (Connolly
et al., 1989; Abedi and Zachary, 1997; Gupta et al., 1999;Wagner
et al., 2003). In addition, our recent cell-kinetic analysis showed
the angiogenic effects of VEGF on ECs at cell-popu-
lation levels, which included enhancement of directed migration1822 Cell Reports 13, 1814–1827, December 1, 2015 ª2015 The Autresulting in branch elongation (Arima et al., 2011). Here we
have shown that the positive effects can be explained, at least
partly, by VEGF-dependent changes in transition probabilities
in the motility states of individual ECs. In addition, these
VEGF-dependent effects appeared to be associated with in-
creases in gross and positive EC flow, reflected by the model
parameter cell emergence, which corresponds to the cell
supply (Arima et al., 2011) following cell divisions in the proximal
portion of a growing branch. The increased positive EC flow
gives ECs a chance to gain forward-rear cell polarity and the
resultant anterograde movement via direct cell-cell contact-
derived mechanisms, such as cell cohesion, attraction, and
repulsion.
We reduced the complexity of morphogenetic EC move-
ment to extract its essence and started with analysis of the
simplest angiogenic module, vessel elongation, for the first
step. Notably, as mentioned above, we did not focus on the
molecular mechanisms underlying cell motility or cell-cell inter-
plays. However, the present modeling framework could be
extended to advanced models that would enable us to further
investigate cell-based mechanisms, including branching, cell
morphology, and complex cell-cell interplays even in a two-
dimensional manner. The insights gained are anticipated to
lead to a better understanding of angiogenic morphogenesis in
forming a dendrite structure. In addition, possible molecular
mechanisms can be incorporated into our modeling framework
at a sub-cellular level.
In conclusion, the present study provides an insight for under-
standing themulticellular movements driving not only angiogenic
morphogenesis but also, generally, other types of morphogen-
esis, which are governed by a mixture of cell-autonomous and
coordinated processes.EXPERIMENTAL PROCEDURES
Animals
C57BL/B6 mice (Japan SLC) were used in all experiments unless otherwise
specified. Animal experiments were reviewed and approved by the Animal
Care and Use Committee of the University of Tokyo, Kumamoto University,
Kobe University (mouse retinal experiments), or the National Cerebral and
Cardiovascular Center (zebrafish experiments), and they were performed in
accordance with the corresponding institutional guidelines.
Mouse Aortic Ring Assay and Time-Lapse Imaging
The aortic ring assay and mosaic analysis were performed as previously
described (Nicosia, 2009; Arima et al., 2011; see also the Supplemental
Experimental Procedures for details). Cells were incubated with 5 mg/ml
BS-1 lectin to selectively visualize ECs before time-lapse imaging. To
examine the effects of VEGF on sprouting angiogenesis, culture media
were replaced with medium-199 containing 5% fetal calf serum (FCS) and
the indicated dose of recombinant VEGF 3 hr prior to time-lapse imaging.
Time-lapse live imaging was started 5 days after the aortic ring culture as
previously described (Arima et al., 2011). For selective EC tracking, nuclei
were labeled with fluorescent probe SYTO-16 (0.125 mM, Invitrogen) or
SYTO-61 (0.125 mM, Invitrogen) for the mosaic analysis. Time-lapse images
were taken at 10-mm intervals for the z axis every 15 min over 36 hr (10 3 0.4
numerical aperture [NA] air objective) and, for mosaic analysis, at 3-mm
intervals every 5–7 min over 5–12 hr (60 3 1.2 NA water immersion
objective), using a confocal laser-scanning microscope (FluoView FV10i
Olympus). Obtained images were processed with analysis software
FLUOVIEW (Olympus).hors
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Figure 6. Improved Models that Restrict Anterograde Movement of Tip Cells and Their Validity Assessments
(A and B) Comparisons of motility (speed, A and directionality, B) between tip and stalk cells in the presence of various VEGF concentrations in an in vitro
experiment are shown (**p < 0.01; ns, not statistically significant).
(C) Diagrams of the newly incorporated rules in model 2. x indicates the elongation axis of the theoretical vessel. In model 2, the tip cell slows down (to a low
speed) when the tip-follower distance exceeds a given threshold d.
(D) An example of tip cell regulation (arrowhead) is shown in a representative kymograph from the in silico simulations (right panel) at the 50 ng/ml VEGF con-
centration. Each color represents different ECs (agents).
(legend continued on next page)
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In Vivo Mosaic Analysis of Murine Retinal Angiogenesis
Mosaic-like Cre-loxP-mediated genetic recombination was induced by intra-
peritoneal injections of 10 ml of 1 mg/ml 4-hydroxytamoxifen (Sigma-Aldrich)
dissolved in 1:9 ethanol:sunflower oil (Sigma-Aldrich) into CAG-MerCreMer;
R26R-EYFPmice (Egawa et al., 2009; Srinivas et al., 2001) at P1. After genetic
recombination, the R26R-EYFP allele expresses EYFP. For in vivo EC
morphology, neonatal retina were obtained at P4 and then applied to whole-
mount immunohistochemical staining as previously described (Uemura
et al., 2002). The primary antibodies were goat anti-GFP (1:1,000, GeneTex)
and biotin-conjugated rat anti-CD31 (1:500, Mec13.3, BD Biosciences). Sig-
nals were detected with Alexa488 (Life Technologies) donkey IgG and Cy3
mouse anti-biotin Ab (1:1,000, BN-34, Sigma-Aldrich). Nuclei were labeled
with TOPRO-3 (Life Technologies). Fluorescent signals were visualized with
a computer-assisted confocal microscope (Nikon D-ECLIPSE C1). Photomi-
crographs were obtained at 1- to 10-mm intervals as necessary and reconsti-
tuted using EZ-C1 software (Nikon).
Ablation Experiments in Zebrafish
Tg(flk1:NLS-Eos) embryos were generated as previously reported (Fukuhara
et al., 2014; Kawakami et al., 2004; Kwon et al., 2013; Urasaki et al., 2006;
see also the Supplemental Experimental Procedures). The embryos were de-
chorionated, anesthetized in 0.016% tricaine (Sigma-Aldrich) in E3 embryo
medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, and 0.33 mM MgSO4),
and mounted in 1% low-melting agarose dissolved in E3 medium poured on
a 35-mm-diameter glass-base dish (Asahi Techno Glass). The mounted em-
bryos were submerged in E3 medium supplemented with 0.016% tricaine
and 0.2 mM PTU. Fluorescence images were obtained with a BX61WI/
FV1000 upright two-photon microscope (Olympus) equipped with a Mai Tai
DeepSee HP laser (Spectra-Physics) and a 253 water immersion objective
lens (XLPLN25XW-MP, Olympus). The excitation wavelength for Eos was
950 nm. For time-lapse imaging, images were collected every 5min employing
FluoView ASW software (Olympus). For ablation, a two-photon laser at 720 nm
was focused on an area of interest for 2 s3 2with 10%power, 10 ms/pixel (tor-
nado function). Acquired images were analyzed with Volocity 3D Imaging anal-
ysis software (PerkinElmer).
In Silico Analysis
Cell tracking, data extraction, and tip EC and stalk EC indices analysis were
performed using ImageJ, MTrackJ (an ImageJ plug-in; Meijering et al.,
2012), and MATLAB 2013a (MathWorks), as previously described (Arima
et al., 2011; see also the Supplemental Experimental Procedures for details).
EC Polarity Analysis
In the movie data for mosaic analysis, the distances between nuclear centroid
and the forward end or the backward end were measured in individual ECs at
all time steps, and the ratios of forward distances to backward distances were
calculated. Herein the forward endwas defined as the side that was positioned
in the elongation direction of the branch and vice versa. EC polarity states were
classified into anterograde front-rear cell polarity (with the ratio R2), retro-
grade front-rear cell polarity (with the ratio%0.5), and no cell polarity (all other
ratios). Then the relationship between cell polarity and motility states was
analyzed using Pearson’s correlation test.
Model Construction
Discrete Model
In silico discrete simulation was performed with one-dimensional agent-based
models of EC behaviors during vessel elongation. These models consist of in-
dividual ECs projected onto the axis of elongation (elongation vector) within an
emerging sprout in the vascular network. Each cell (agent) behaves autono-
mously in accordance with the following rules for each model:(E) Appearance frequencies of branches without tip cell overtaking (left panel) a
(threshold d) in model 2 (n = 1,000) are compared to those in model 1 (n = 1,000
(F–H) Comparisons of tip dynamics among in vitro experiments and in silico simula
overtaking events, the mean length of branch elongation, and mean tip speed.
Data are presented as means ± SD.
1824 Cell Reports 13, 1814–1827, December 1, 2015 ª2015 The AutEach agent (indexed i) is defined by position xi and attributes ai. The attribute
vector a = (v, D), where v is cell migration speed (v = v1 or v2 where v1 > v2), and
D is cell migration direction (D = +1 (anterograde) or 1 (retrograde)).
Each time step is fixed to 15 min. Let xi(t) and ai(t) = (vi(t), Di(t)) be xi and ai at
the time step t. For each step, the attributes change independently of each
agent but dependently on those at the last time step in accordance with the
following rules:
1. Speed transition rule. If at the last step vi(t) = v2, thenwith a probability p,
motility changes to vi(t + 1) = v1. If at the last step vi(t) = v1, then with a
probability q, motility changes to vi(t + 1) = v2. In the absence of these
conditions, motility is unchanged, i.e., vi(t + 1) = vi(t).
2. Direction transition rule. If at the last step Di(t) = 1, then with a proba-
bility r, motility changes to Di(t+1) = +1. If at the last step Di(t) = +1, then
with a probability s, motility changes to Di(t+1) = 1. In the absence of
these conditions, direction is unchanged, i.e., Di(t+1) = Di(t).
In model 2, we consider max Xt and max{min(xj(t), xk(t))}jsk. These are
the largest and second largest elements among the set Xt = {xj(t)}j. We
define (i, t) satisfying a tip EC restriction condition (*) as xi(t) = max Xt and
max Xt  max{min(xj(t), xk(t))}jsk > d; d is the tip-follower threshold for restric-
tion of tip EC movement. If the tip EC restriction condition (*) is satisfied, vi(t) =
v2 is adopted as the tip EC speed. Note that a tip EC restriction condition (*) is
not applicable when the number of elements in Xt is 1.
After the attributional changes for each step, the position at the next step
xi(t + 1) for each agent is defined by the attributes ai(t + 1) as follows:
xiðt +1Þ=

xiðtÞ+ viðt +1ÞDiðt + 1Þ
xiðtÞ ðin model 2 whereði; tÞ satisfies ð  ÞÞ :
An agent emerges at t = Round(nc) (n = 0,1,2,.) where c is the cell emergence
interval. Its position and attributes are as follows: xn+1(t) = 0 and an+1(t) = (v, + 1),
where v = v1, v2 in a random manner (50:50).
Unless otherwise specified, trajectory and quantitative analyses were
performed within the time range of 106 % t % 250, i.e., 26.5 hr % t %
62.5 hr. Note that the length of the observation period was 36 hr (144 time
steps), corresponding to the time-lapse imaging duration in the aortic ring
assay. The length of the non-analyzed period, 26.5 hr, was valid because
we started the time-lapse imaging on day 5, at a time after sprouting had
begun.
As described above, seven model parameters were introduced into
all models. Parameters p, q, r, and s are transition probabilities from fast to
slow, from slow to fast, from anterograde to retrograde, and from retrograde
to anterograde, respectively; v1 and v2 are the speeds of fast- and slow-
moving cells, respectively; and c represents the cell emergence interval
(Table S1).
These parameters were extracted from or determined based on quantitative
data from in vitro experiments (see also the Supplemental Experimental Proce-
dures for details).
Continuous Model
Derivation of Governing Equations
In consideration of a continuous model corresponding to the discrete model
(model 1) mentioned above, we assume that each agent moves at the same
speed, i.e., fast and slow agents cannot be distinguished.
Let u(x, t) and w(x, t) be defined as density distributions of anterogradely
moving and retrogradely moving agents, respectively. Then r = dR/dt, s =
dS/dt, where R and S are the transition probabilities per unit time from anter-
ograde to retrograde and from retrograde to anterograde, respectively. Note
that R and S are equal to r and s in the discrete model section, respectively.
V (> 0) is the velocity at which the agent moves.nd frequencies of tip cell overtaking (right panel) at various threshold values
).
tions (d = 55 pixels in model 2) based on indices of the mean number of tip cell
hors
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Figure 7. Experimental Assessments of Regulatory Mechanisms of Tip Cell Motility
(A and B) An in vitro experiment. (A) Representative time-lapse images of mosaic analysis in the aortic ring assay are shown. After the death of the follower EC
(the EC right behind the tip cell; green cell, blue arrow), the tip cell (white arrow) slowed its anterograde movement and then retracted. Dotted arrows indicate the
tip of the elongating branch. Asterisks and arrowheads indicate mural cells and non-vascular cells, respectively. Dotted arrows indicate the tip of the elongating
branch. See also Movie S6. (B) The trajectory analysis corresponding to (A) is shown. Trajectories of tip of the branch and the nuclei of the tip cell and the follower
EC are indicated by green, purple, and brown lines, respectively.
(C–F) In vivo experiments using zebrafish embryos. Representative time-lapse images of angiogenic EC behaviors in the intersegmental vessels (C, at 26 hpf) and
the mesencephalic veins (E, dotted lines, at 30 hpf) of zebrafish embryos overexpressing NLS-EOS. Follower ECs in the growing vessels (orange arrows, C and
the white dotted circle on the left, E) were laser-ablated 0.5 or 3 hr after imaging. In the experiment using mesencephalic veins (E), non-vascular tissues near the
follower EC in the opposite vein also were laser-ablated to achieve a control ablation state (white dotted circle on the right). Arrowheads and arrows indicate tip
(legend continued on next page)
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At the continuum limit, the rules of simplified model 1 excluding cell emer-
gence can be reconfigured as follows:
8><
>:
vu
vt
=  ru+ sw V vu
vx
;
vw
vt
= ru sw+V vw
vx
:
Then,
8><
>:
vh
vt
=  V vx
vx
;
vx
vt
= ðs rÞh ðs+ rÞx V vh
vx
:
where h(x, t) = u + w and x(x, t) = u  w.
Hence, the density distributions of all cells (h) satisfies the following partial
differential equation:
v2h
vt2
+ ðs+ rÞ vh
vt
+Vðs rÞ vh
vx
 V2v
2h
vx2
= 0:
Next we took cell emergence into consideration. In this case, u and w satisfy
the following equations:
8><
>:
vu
vt
=  ru+ sw V vu
vx
+
dðxÞ
c
;
vw
vt
= ru sw+V vw
vx
;
where d(x) satisfies
RN
N dðxÞdx= 1 and
RN
N xdðxÞdx= 0. Note that u(x, 0) =w(x, 0)
= h(x, 0) = x(x, 0) = 0 (for all x).
Hence, the density distribution of all cells (h) satisfies the following partial dif-
ferential equation:
v2h
vt2
+ ðs+ rÞ vh
vt
+Vðs rÞ vh
vx
 V2v
2h
vx2
+V
dd
dx
ðxÞ  ðs+ rÞdðxÞ= 0:
We next considered the source function dðxÞ= ﬃﬃﬃﬃﬃﬃ2pp =4ð1 ErfðxÞ2Þ.
Comparison of EC Distribution Patterns
The lengths between ECs and the root in cultured mouse aortic rings were
measured along the branches using ImageJ. Numerical simulations were per-
formed using Mathematica 9 (Wolfram Research). We used the system of
PDEs and the following conditions: dx = 0.5, V = 2.7091275, and dt = dx/
V. V was calculated based on in vitro quantification. Distributions of agents
(ECs) between the root and the branch tip were calculated for both numerical
simulations at the time points of t = x1 and x2, which correspond to day 6 and
day 7, respectively, in the in vitro experiment. Similarly, in the in vitro experi-
ment, the distances between individual ECs and the branch root were
measured along the branches at day 6 and day 7 of the aortic ring assay using
ImageJ. Each distribution was adjusted to a probability distribution as a histo-
gram with bins of width 10 ([0, 10], [10, 20].). Then, Pearson’s correlation was
calculated to test the similarities among the in vitro histogram and each histo-
gram produced by numerical simulations or the discrete model.
Statistical Analyses
For in vitro quantitative analyses, the Kruskal-Wallis test or the Mann-Whitney
test was used. For the comparison of the frequencies of branches without tipcells and follower ECs, respectively. See alsoMovies S7 and S9. (D and F) Trajecto
line indicates the trajectory of an individual EC. In all trajectory analyses, times an
shows cell deaths. Closed arrowheads indicate the point at which the tip cells re
(G) Distribution map of the distance between tip and follower cell nuclei at each tim
line indicates the threshold d (55 pixels) in model 2.
See also Figure S3 and Movies S8 and S10.
1826 Cell Reports 13, 1814–1827, December 1, 2015 ª2015 The Autcell overtaking, Fisher’s exact test was used. All statistical analyses were per-
formed with Mathematica.
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line at http://dx.doi.org/10.1016/j.celrep.2015.10.051.
AUTHOR CONTRIBUTIONS
K.N., K.S., and H.K. conceived the study and designed the experiments. H.K.,
N.M., T.S., and H.O. supervised the study. K.N., K.S., S.F., and A.U. performed
experiments. K.S., S.A., and R.K. contributed to the modeling study. K.N.,
K.S., A.K.-L., andH.K. analyzed and discussed data andwrote themanuscript.
ACKNOWLEDGMENTS
We thank Dr. Takashi Miura for the modeling studies. We also thank Yuriko
Kondo and Akira Matsubara for excellent technical assistance. MTrackJ was
developed at the Biomedical Imaging Group Rotterdam of the Erasmus MC
University Medical Center Rotterdam by Erik Meijering. This work was sup-
ported in part by the Global COE Program (Integrative Life Science based
on the Study of Biosignaling Mechanisms) from the Ministry of Education, Cul-
ture, Sports, Science and Technology (MEXT); Platform for Dynamic Ap-
proaches to Living System from MEXT; CREST from the JST; grants-in-aid
for scientific research from MEXT (23111505 and 25111705 to K.N. and
24249047 to H.K.); a grants-in-aid for scientific research from the Japan Soci-
ety for the Promotion of Science (JSPS, 23591099 to K.N.); The Tokyo Society
of Medical Sciences (to K.N.); the Takeda Science Foundation (to K.N.); The
Shimabara Science Promotion Foundation (to K.N.); the SENSHIN Medical
Research Foundation (to K.N.); and the Astellas Foundation for Research on
Metabolic Disorders (to K.N.).
Received: May 28, 2015
Revised: August 21, 2015
Accepted: October 16, 2015
Published: November 19, 2015
REFERENCES
Abedi, H., and Zachary, I. (1997). Vascular endothelial growth factor stimulates
tyrosine phosphorylation and recruitment to new focal adhesions of focal
adhesion kinase and paxillin in endothelial cells. J. Biol. Chem. 272, 15442–
15451.
Aman, A., and Piotrowski, T. (2008). Wnt/beta-catenin and Fgf signaling con-
trol collective cell migration by restricting chemokine receptor expression.
Dev. Cell 15, 749–761.
Anderson, A.R., and Chaplain, M.A. (1998). Continuous and discrete mathe-
matical models of tumor-induced angiogenesis. Bull. Math. Biol. 60, 857–899.
Arakelyan, L., Vainstein, V., and Agur, Z. (2002). A computer algorithm
describing the process of vessel formation and maturation, and its use for pre-
dicting the effects of anti-angiogenic and anti-maturation therapy on vascular
tumor growth. Angiogenesis 5, 203–214.
Arima, S., Nishiyama, K., Ko, T., Arima, Y., Hakozaki, Y., Sugihara, K., Koseki,
H., Uchijima, Y., Kurihara, Y., and Kurihara, H. (2011). Angiogenic morphogen-
esis driven by dynamic and heterogeneous collective endothelial cell move-
ment. Development 138, 4763–4776.ry analyses corresponding to (C) and (E), respectively, are shown. Each colored
d positions were adjusted so that the observation period would begin at t = 0. x
sume moving in the anterograde direction.
e point for the 36-hr observation period in the in vitro experiments. The dotted
hors
Armulik, A., Abramsson, A., and Betsholtz, C. (2005). Endothelial/pericyte in-
teractions. Circ. Res. 97, 512–523.
Baish, J.W., Gazit, Y., Berk, D.A., Nozue, M., Baxter, L.T., and Jain, R.K.
(1996). Role of tumor vascular architecture in nutrient and drug delivery: an in-
vasion percolation-based network model. Microvasc. Res. 51, 327–346.
Bauer, A.L., Jackson, T.L., and Jiang, Y. (2007). A cell-based model exhibiting
branching and anastomosis during tumor-induced angiogenesis. Biophys. J.
92, 3105–3121.
Bauer, A.L., Jackson, T.L., and Jiang, Y. (2009). Topography of extracellular
matrix mediates vascular morphogenesis and migration speeds in angiogen-
esis. PLoS Comput. Biol. 5, e1000445.
Bentley, K., Gerhardt, H., and Bates, P.A. (2008). Agent-based simulation of
notch-mediated tip cell selection in angiogenic sprout initialisation. J. Theor.
Biol. 250, 25–36.
Bentley, K., Mariggi, G., Gerhardt, H., and Bates, P.A. (2009). Tipping the bal-
ance: robustness of tip cell selection, migration and fusion in angiogenesis.
PLoS Comput. Biol. 5, e1000549.
Bentley, K., Franco, C.A., Philippides, A., Blanco, R., Dierkes, M., Gebala, V.,
Stanchi, F., Jones, M., Aspalter, I.M., Cagna, G., et al. (2014). The role of dif-
ferential VE-cadherin dynamics in cell rearrangement during angiogenesis.
Nat. Cell Biol. 16, 309–321.
Chaplain, M.A., McDougall, S.R., and Anderson, A.R. (2006). Mathematical
modeling of tumor-induced angiogenesis. Annu. Rev. Biomed. Eng. 8,
233–257.
Connolly, D.T., Heuvelman, D.M., Nelson, R., Olander, J.V., Eppley, B.L., Del-
fino, J.J., Siegel, N.R., Leimgruber, R.M., and Feder, J. (1989). Tumor vascular
permeability factor stimulates endothelial cell growth and angiogenesis.
J. Clin. Invest. 84, 1470–1478.
Daub, J.T., andMerks, R.M. (2013). A cell-basedmodel of extracellular-matrix-
guided endothelial cell migration during angiogenesis. Bull. Math. Biol. 75,
1377–1399.
Egawa, G., Osawa, M., Uemura, A., Miyachi, Y., and Nishikawa, S. (2009).
Transient expression of ephrin b2 in perinatal skin is required for maintenance
of keratinocyte homeostasis. J. Invest. Dermatol. 129, 2386–2395.
Ewald, A.J., Brenot, A., Duong, M., Chan, B.S., andWerb, Z. (2008). Collective
epithelial migration and cell rearrangements drive mammary branching
morphogenesis. Dev. Cell 14, 570–581.
Friedl, P., and Gilmour, D. (2009). Collective cell migration in morphogenesis,
regeneration and cancer. Nat. Rev. Mol. Cell Biol. 10, 445–457.
Fukuhara, S., Zhang, J., Yuge, S., Ando, K., Wakayama, Y., Sakaue-Sawano,
A., Miyawaki, A., and Mochizuki, N. (2014). Visualizing the cell-cycle progres-
sion of endothelial cells in zebrafish. Dev. Biol. 393, 10–23.
Gaengel, K., Genove´, G., Armulik, A., and Betsholtz, C. (2009). Endothelial-
mural cell signaling in vascular development and angiogenesis. Arterioscler.
Thromb. Vasc. Biol. 29, 630–638.
Gupta, K., Kshirsagar, S., Li, W., Gui, L., Ramakrishnan, S., Gupta, P., Law,
P.Y., and Hebbel, R.P. (1999). VEGF prevents apoptosis of human microvas-
cular endothelial cells via opposing effects on MAPK/ERK and SAPK/JNK
signaling. Exp. Cell Res. 247, 495–504.
Hellstro¨m, M., Phng, L.K., Hofmann, J.J., Wallgard, E., Coultas, L., Lindblom,
P., Alva, J., Nilsson, A.K., Karlsson, L., Gaiano, N., et al. (2007). Dll4 signalling
through Notch1 regulates formation of tip cells during angiogenesis. Nature
445, 776–780.
Holderfield, M.T., and Hughes, C.C. (2008). Crosstalk between vascular endo-
thelial growth factor, notch, and transforming growth factor-beta in vascular
morphogenesis. Circ. Res. 102, 637–652.
Jakobsson, L., Franco, C.A., Bentley, K., Collins, R.T., Ponsioen, B., Aspalter,
I.M., Rosewell, I., Busse, M., Thurston, G., Medvinsky, A., et al. (2010). Endo-
thelial cells dynamically compete for the tip cell position during angiogenic
sprouting. Nat. Cell Biol. 12, 943–953.
Kawakami, K., Takeda, H., Kawakami, N., Kobayashi, M., Matsuda, N., and
Mishina, M. (2004). A transposon-mediated gene trap approach identifies
developmentally regulated genes in zebrafish. Dev. Cell 7, 133–144.Cell ReKwon, H.B., Fukuhara, S., Asakawa, K., Ando, K., Kashiwada, T., Kawakami,
K., Hibi, M., Kwon, Y.G., Kim, K.W., Alitalo, K., and Mochizuki, N. (2013). The
parallel growth of motoneuron axons with the dorsal aorta depends on Vegfc/
Vegfr3 signaling in zebrafish. Development 140, 4081–4090.
Meijering, E., Dzyubachyk, O., and Smal, I. (2012). Methods for cell and particle
tracking. Methods Enzymol. 504, 183–200.
Merks, R.M., Perryn, E.D., Shirinifard, A., and Glazier, J.A. (2008). Contact-in-
hibited chemotaxis in de novo and sprouting blood-vessel growth. PLoS
Comput. Biol. 4, e1000163.
Montell, D.J. (2008). Morphogenetic cell movements: diversity from modular
mechanical properties. Science 322, 1502–1505.
Moya, I.M., Umans, L., Maas, E., Pereira, P.N., Beets, K., Francis, A., Sents,
W., Robertson, E.J., Mummery, C.L., Huylebroeck, D., and Zwijsen, A.
(2012). Stalk cell phenotype depends on integration of Notch and Smad1/5
signaling cascades. Dev. Cell 22, 501–514.
Nicosia, R.F. (2009). The aortic ringmodel of angiogenesis: a quarter century of
search and discovery. J. Cell. Mol. Med. 13, 4113–4136.
Niewiadomska, P., Godt, D., and Tepass, U. (1999). DE-Cadherin is required
for intercellular motility during Drosophila oogenesis. J. Cell Biol. 144,
533–547.
Peirce, S.M. (2008). Computational and mathematical modeling of angiogen-
esis. Microcirculation 15, 739–751.
Pettet, G.J., Byrne, H.M., McElwain, D.L., and Norbury, J. (1996). A model of
wound-healing angiogenesis in soft tissue. Math. Biosci. 136, 35–63.
Robinson, E.E., Zazzali, K.M., Corbett, S.A., and Foty, R.A. (2003).
Alpha5beta1 integrin mediates strong tissue cohesion. J. Cell Sci. 116,
377–386.
Scianna, M., Bell, C.G., and Preziosi, L. (2013). A review of mathematical
models for the formation of vascular networks. J. Theor. Biol. 333, 174–209.
Sepich, D.S., Calmelet, C., Kiskowski, M., and Solnica-Krezel, L. (2005). Initi-
ation of convergence and extension movements of lateral mesoderm during
zebrafish gastrulation. Dev. Dyn. 234, 279–292.
Srinivas, S., Watanabe, T., Lin, C.S., William, C.M., Tanabe, Y., Jessell, T.M.,
and Costantini, F. (2001). Cre reporter strains produced by targeted insertion
of EYFP and ECFP into the ROSA26 locus. BMC Dev. Biol. 1, 4.
Szabo, A., Mehes, E., Kosa, E., and Czirok, A. (2008). Multicellular sprouting
in vitro. Biophys. J. 95, 2702–2710.
Tammela, T., Zarkada, G., Nurmi, H., Jakobsson, L., Heinolainen, K., Tvoro-
gov, D., Zheng, W., Franco, C.A., Murtoma¨ki, A., Aranda, E., et al. (2011).
VEGFR-3 controls tip to stalk conversion at vessel fusion sites by reinforcing
Notch signalling. Nat. Cell Biol. 13, 1202–1213.
Theveneau, E., Steventon, B., Scarpa, E., Garcia, S., Trepat, X., Streit, A., and
Mayor, R. (2013). Chase-and-run between adjacent cell populations promotes
directional collective migration. Nat. Cell Biol. 15, 763–772.
Tyson, J.J. (2007). Bringing cartoons to life. Nature 445, 823.
Uemura, A., Ogawa, M., Hirashima, M., Fujiwara, T., Koyama, S., Takagi, H.,
Honda, Y., Wiegand, S.J., Yancopoulos, G.D., and Nishikawa, S. (2002). Re-
combinant angiopoietin-1 restores higher-order architecture of growing blood
vessels in mice in the absence of mural cells. J. Clin. Invest. 110, 1619–1628.
Urasaki, A., Morvan, G., and Kawakami, K. (2006). Functional dissection of the
Tol2 transposable element identified theminimal cis-sequence and a highly re-
petitive sequence in the subterminal region essential for transposition. Ge-
netics 174, 639–649.
Wagner, S., Fueller, T., Hummel, V., Rieckmann, P., and Tonn, J.C. (2003). In-
fluence of VEGF-R2 inhibition on MMP secretion and motility of microvascular
human cerebral endothelial cells (HCEC). J. Neurooncol. 62, 221–231.
Wimmer, R., Cseh, B., Maier, B., Scherrer, K., and Baccarini, M. (2012).
Angiogenic sprouting requires the fine tuning of endothelial cell cohesion by
the Raf-1/Rok-a complex. Dev. Cell 22, 158–171.ports 13, 1814–1827, December 1, 2015 ª2015 The Authors 1827
